ABSTRACT We present the principle of cell characterization and separation by dielectrophoretic field-flow fractionation and show preliminary experimental results. The operational device takes the form of a thin chamber in which the bottom wall supports an array of microelectrodes. By applying appropriate AC voltage signals to these electrodes, dielectrophoretic forces are generated to levitate cells suspended in the chamber and to affect their equilibrium heights. A laminar flow profile is established in the chamber so that fluid flows faster with increasing distance from the chamber walls. A cell carried in the flow stream will attain an equilibrium height, and a corresponding velocity, based on the balance of dielectrophoretic, gravitational, and hydrodynamic lift forces it experiences. We describe a theoretical model for this system and show that the cell velocity is a function of the mean fluid velocity, the voltage and frequency of the signals applied to the electrodes, and, most significantly, the cell dielectric properties. The validity of the model is demonstrated with human leukemia (HL-60) cells subjected to a parallel electrode array, and application of the device to separating HL-60 cells from peripheral blood mononuclear cells is shown.
INTRODUCTION
The ability to characterize, separate, and purify cell subpopulations is fundamental to numerous biological and medical applications, often forming the starting point for research protocols and the basis for current and emerging clinical protocols. For example, cell separation can make possible life-saving procedures such as autologous bone marrow transplantation for the remediation of advanced cancers, where the removal of cancer-causing metastatic cells from a patient's marrow is necessary (Fischer, 1993) . Another example is blood cell differential analysis, which is a common procedure in clinical and research laboratories. Current approaches to cell sorting most frequently exploit differences in cell density (Boyum, 1974) , specific immunological targets (Smeland et al., 1992) , or receptor-ligand interactions (Chess and Schlossman, 1976) to isolate target cells. These techniques are often inadequate, and sorting devices capable of identifying and selectively manipulating cells through novel physical properties are therefore desirable.
Electrical-field-induced forces on polarizable particles have been the subject of extensive studies in recent years because of their potential applications for particle characterization and manipulation. Particles, including biological cells, become electrically polarized under the influence of applied fields. The induced polarizations can in turn interact with applied fields, resulting in net electrical forces on the particles. Because of the sensitive dependence of these forces on particle dielectric characteristics, these forces can be exploited for particle characterization and separation. Even though Pohl (1977) proposed 20 years ago the pioneering idea of utilizing the difference between dielectrophoretic (DEP) forces exerted on different particles in nonuniform electric fields for sorting applications, DEP phenomena were not effectively exploited for this purpose until, in recent years, the theoretical understanding of DEP effects improved and microelectrode arrays were introduced. Two approaches have been demonstrated for DEP separation: namely DEP migration and DEP retention. DEP migration exploits opposing polarities of DEP forces exerted on different particle types, so that one type is attracted toward high-field regions by positive dielectrophoresis while the other type(s) are repelled by negative dielectrophoresis. In this way, different particle types are focused at different regions of a microelectrode structure and spatial separation is achieved (Gascoyne et al., 1992; Wang et al., 1993; Markx et al., 1994a) . DEP retention exploits competition between DEP and fluid-flow forces. Particles experiencing a weaker DEP force (negative or small positive) are eluted by fluid flow, whereas particles experiencing strong positive DEP forces are trapped at electrode edges against the drag of the fluid flow (Wang et al., 1993; Markx et al., 1994b) . Using this approach, Becker et al. (1994 Becker et al. ( , 1995 achieved separation of leukemia and breast cancer cells from blood under appropriate electrical field and fluid flow conditions. Talary et al. (1995) reported a different version of DEP retention wherein DEP trapping forces on cells were gradually decreased by lowering the frequency of the excitation voltage while maintaining a constant fluid flow rate. At each field frequency (applied for 10 min), the DEP forces acting on a given subpopulation of cells became smaller than the fluid drag forces, so that this subpopulation was released, eluted, and collected. This allowed a sixfold enrichment to be achieved of CD34+ stem cells from peripheral blood (Talary et al., 1995) . More recently, Markx and Pethig (1995) reported a continuous separation technique for separating viable and nonviable cells based on DEP retention. Both the DEP migration and DEP retention methods depend upon there being relatively large differential DEP forces between the particle types being sorted, and thus it is difficult to separate mixtures of cell subpopulations with small dielectric differences. The present paper presents an approach to solving this problem.
Since the 1960s there has been interest in a family of techniques collectively termed field-flow fractionation (FFF), wherein the velocity gradient of a hydrodynamic flow profile is exploited to achieve particle fractionation (Giddings, 1993) . In these techniques, a laminar fluid profile is established in a thin chamber, such that fluid moves faster with increasing distance from the chamber walls. By applying a force field perpendicular to the flow direction and across the flow profile, particles are forced toward a so-called accumulation wall (typically the bottom wall) of the chamber. In normal-mode FFF, particles are sufficiently small (<1 ,um) that the diffusion and accumulation forces counteract, and an equilibrium concentration profile results along the force-field direction and hence across the fluid velocity profile. Particles are thereby carried by the fluid at velocities that depend on their equilibrium profile. Dissimilar particle types exhibit different characteristic concentration profiles, are carried at different velocities, and hence take different times to traverse the separation chamber. Therefore they can be separated by collecting them at appropriate times at the chamber exit. Typically in the normal FFF mode, small particles are eluted before large ones. In the second mode of FEF, the imposed force field is so strong and diffusion forces are sufficiently suppressed, that particles (typically 1-200 ,um in diameter) are instead forced against the accumulation wall, where the fluid velocity is low and steric hindrance to flow takes place. In this socalled steric-FFF mode, larger particles typically are eluted first because of the larger fluid drag forces they experience.
A third type of EFF, an extension of steric mode, is lifthyperlayer FFF, in which the imposed force field is used to balance the hydrodynamic lift force from the fluid flow. This lift force is strong close to the chamber walls, and particles with different properties become positioned at different equilibrium heights from the chamber wall in the flow profile and are therefore eluted at different velocities.
FFF has been successfully employed for analysis and fractionation of macromolecular, colloidal, and particulate materials with different force mechanisms such as sedimentation, cross-flow, thermal diffusion effects, and electrophoresis (Giddings, 1989; Cardot et al., 1994) . Separation of cells and cellular components has been reported in biomedical applications (Berg and Turner, 1991; Litzen et al., 1993; Mosersky et al., 1988 ). Nevertheless, a major factor limiting further FFF development was the lack of an effective force mechanism for sensitively controlling the equilibrium positions of particles throughout the flow profile based on differences in their intrinsic properties. For lift-hyperlayer FFF, fractionation relies on establishing an equilibrium between the imposed field and hydrodynamic lift. Typically the imposed field is spatially homogeneous, and equilibrium is achieved by balancing it against the inhomogeneous lift force. This is not ideal for cell separation applications, because the lift force falls off rapidly with height above the accumulation well and depends mainly on particle size. This results in limited discriminatory ability between particle types.
Here we introduce the concept of balancing spatially inhomogeneous dielectrophoretic levitation forces with homogeneous gravitational forces as a means of controlling the heights of particles for FFF applications . Thus we combine dielectrophoretic levitation of particles (Kaler and Jones, 1990; Fuhr et al., 1992) with FFF concepts to provide a versatile separation method. In this article we present a theoretical description of this dielectrophoretic field-flow fractionation (DEP-FFF) technique and demonstrate its validity with a simple, biologically relevant experimental model.
DEP-FFF THEORY
Consider a thin chamber constructed with a bottom wall that supports a planar electrode array. Under AC electrical excitation, the array will produce height-dependent dielectrophoretic forces on particles in the chamber. The vertical component of the DEP force averaged along a horizontal plane at a height h above the electrode plane that acts on a particle of radius r can be written as (Jones, 1979; FDEPZ = 2TEmPRe(fcM)(VERMs a'z) = 2'7TEml3pRe(cM)q(h)U2 (1) where ERMS is the RMS value of the field strength for an applied RMS voltage U, and Re(fcM) is the real component of fcM, the Clausius-Mossotti factor. fcM reflects the magnitude and direction of field-induced polarization in the particle at frequencyf, and is given byfcM = (E6 -E*)/(E* + 2e*), where E* and E* are the frequency-dependent complex dielectric permittivities of the particle and its suspending medium. The function q(h) reflects the height dependence of the vertical DEP force component, which decreases with increasing height. Because electrode polarization causes a frequency-dependent voltage drop at the electrode/solution interface (Schwan, 1992; Zhou et al., 1995; Wang et al., 1997) , we have also introduced the function p (p(f)) to correct for its effect on DEP forces. The idea is to use DEP forces to levitate and position particles at equilibrium heights that reflect their dielectric properties. Thus particles with dielectric differences will, in general, attain different equilibrium positions. At equilibrium, the DEP and sedimentation forces acting on a particle will balance, so that
where g is the acceleration due to gravity, and pp and Pm are the densities of the particle and its suspending medium, respectively. Combining Eqs. 1 and 2, we obtain 2(pp -pm)g = 3EmpRe(fcM)q(heq)U2 (3) whence the equilibrium height follows as he= q-1 2(p, -p.)g (4) e4= q (3EmpRe(fcM)U2)
where q '(h) is the inverse of q(h). Equation 4 shows that particle levitation is determined by the relative particle density (pp -Pm), the particle dielectric property Re(fcM), the field distribution q(h) in the vertical direction, the applied voltage U, and the electrode polarization function p(f). If a laminar flow profile is now established in the chamber, the fluid velocity Vf at a height h above the bottom wall follows a hyperbolic function:
where H is the chamber thickness and (v) is the mean fluid velocity. A particle of radius r located at a height h from the chamber bottom wall in this flow profile will be carried along at a velocity vp, given (Williams et al., 1992) (Cox and Hsu, 1977) , shear-stress gradient-induced lift (Leighton and Acrivos, 1985) , and lubrication theory (Goldman et al., 1967) . Nevertheless, the lifting forces predicted from all of these theories are much smaller than those observed experimentally (Williams et al., 1992 and thereby caused to move at different velocities under the influence of the flow profile (Eqs. 5 and 6, Fig. 1 ). Particles preloaded at the chamber inlet will then exit the chamber at different times, so they can be collected separately. In this way, the times taken for particles to transit the chamber directly reflect their dielectric and density properties, and this dependency can be utilized for particle characterization and separation. The fact that the velocity gradient in the flow profile is actively exploited for DEP-FFF constitutes the main difference from the DEP retention method. In the DEP retention method, all particles stay on the same plane, and depending on the competition of the horizontal fluid drag and DEP forces, they are either eluted from the chamber or trapped at the electrode edges until the electrical forces are removed or made weak enough to release them. In contrast, in DEP-FFF, particles are positioned in different planes throughout the hydrodynamic flow profile above the electrode surface as a result of the balance between sedimentation, vertical DEP, and hydrodynamic-lift forces. Thus particles are eluted in a continuous fashion at different velocities under the influence of horizontal fluid drag acting in their respective planes. In this way, DEP-FFF utilizes the full range of fluid velocities within the flow profile and, more importantly, exploits the three-dimensional capacity of the separation chamber. This tends to limit particleparticle interactions that occur when the particles are confined largely to a single active plane, as in the DEP retention approach to separation, because the mean distance between cells in DEP-levitation is increased as they are spread out vertically above the electrode plane.
To demonstrate the dependencies of particle height and velocities on particle dielectric properties and on the voltage and frequency of the applied field as predicted in the above equations, we shall present experimental data for human leukemia HL-60 cells on a parallel electrode system. Furthermore, we shall apply DEP-FFF to separate human leukemia HL-60 cells from peripheral blood mononuclear cells as an example of cell fractionation.
MATERIALS AND METHODS Cells
The human leukemia HL-60 cell line was used as a model system in this study. Cells were cultured in RPMI 1640 medium supplemented with 10% Microelectrode array FIGURE 1 Schematic diagram outlining the DEP-FFF principle. A fluid flow profile is established in a thin chamber whose bottom plane supports a microelectrode array. Two particles of different dielectric properties equilibrate at different heights under the balance of DEP levitation, hydrodynamic lift, and sedimentation forces. Particle 2, being levitated further away from the chamber bottom wall, exhibits a larger velocity under the influence of fluid drag than particle 1. fetal bovine serum, 1 mM glutamine, and 20 mM HEPES (Life Technologies, Gaithersburg, MD), 0.5% penicillin, and streptomycin solution (Sigma, St. Louis, MD), and were maintained in 75-cm2 plastic flasks under a 5% C02/95% air atmosphere at 37°C in a humidified incubator. HL-60 cells were harvested at a density of 2 X 106/ml in the exponential growth phase by gently rocking the flask 48 h after seeding. Cell suspensions were found to have >98% viability by Trypan blue dye exclusion. Cells were harvested from complete medium by centrifugation at 100 X g for 10 min and were then resuspended at a density of -106/ml in isotonic 8.5% (w/v) sucrose plus 0.3% (w/v) dextrose buffer. The conductivities of the final suspensions were adjusted with culture medium to a nominal value of 50 mS/m, and were then measured with a conductivity meter (EC19101-00; Cole-Parmer Instrument, Chicago, IL). Peripheral blood mononuclear (PBMN) cells were prepared from a buffy coat by standard density gradient separation (Boyum, 1974) . To quantify cell levitation effects, the specific densities of HL-60 cells were assessed to be 1.071 ± 0.003 g/cm3 with centrifugally generated continuous Percoll density gradients (Pharmacia, Uppsala, Sweden) calibrated by Percoll density marker beads. The specific density of the cell suspending medium was measured to be 1.033 g/cm3 with a hydrometer (VWR Scientific, Greenbelt, MD).
Electrode chambers
Parallel electrode arrays, shown in Fig. 2 , were fabricated by standard photolithography. In brief, gold-coated (thickness 250 A over a 100-A titanium seeding layer) glass blanks (Thin Film Technology, Buellton, CA) were spin-coated at 3000 rpm with S1830 photoresist (Shipley, Marlborough, MA) to -1 ,um thickness. The photoresist was polymerized by baking on a hot plate at 1 10°C for 1 min and then exposed to UV light through a positive mask image (Process Technologies, Oak Creek, WI) of the electrode array, using a mask aligner (AB Manufacturing, San Jose, CA). The exposed photoresist was developed with MF35 1 developer, and the exposed gold-and-titanium region was then etched. Finally, the photoresist covering the unetched regions of the electrodes was removed with acetone. Arrays of parallel electrode elements with equal widths and gaps of 20 and 50 ,um were both used in this study. (Irimajiri et al., 1979; Huang et al., 1992) show the best fit of Eq. 10, the broken lines (20 p1/min, -; 40 pJ/min, ---; 80 p1/min, --) the averaged cell velocity when the electrical field was turned off. In the single shell model, the cell radius, interior relative permittivity, and conductivity are taken to be 5.8 pm (measured by microscopy), 75, and 0.75 S/m, respectively. The best fits for the three flow rates gave values for cell membrane-specific capacitance of 15.6 (± 0.95) mF/m2 and conductance of 220 (± 76) S/M2. an applied frequency of 17.8 kHz, the mean velocity increased from 77 (± 4.1) to 292 (± 32) ,um/s as the flow rate was varied from 20 to 80 ,ul/min. The overall frequency dependency did not appear to change with the flow rate, and application of voltage signals caused HL-60 cells to move at either higher or smaller velocities. For a flow rate of 20 ,lp/min, in the applied frequency range of 10-50 kHz, cell velocities were about four times higher than they were with no field applied. In the narrow frequency band from 100 to 300 kHz, cell velocities decreased sharply to those observed with no field applied. At 100 kHz, individual HL-60 cells exhibited vastly different velocities, and fast-moving cells traveled five times faster than the slowest ones. Under these conditions, the variance of cell velocities was -30%, in contrast to -10% for frequencies below 100 kHz. Increasing the field frequency above 300 kHz resulted in a further decrement in mean velocity to values much smaller than those observed in the absence of an electrical field. For example, at 1 MHz, the mean velocities were -40% and 73% of the zero-field values for flow rates of 20 and 80 ,lp/min, respectively. For the small flow rate of 20 ,l/min, some HL-60 cells were even trapped on electrode edges.
The voltage dependencies of the mean velocity are shown in Fig. 6 for HL-60 cells at a fixed frequency of 31.6 kHz for three different flow rates, and as in Fig. 5 , increasing the flow rate led to faster cell elution. For a given flow rate, the mean velocity increased steadily with applied voltage. 
DISCUSSION DEP levitation
To analyze the cell levitation characteristics, we determi the field distribution of parallel electrode arrays by us both the charge density method (Sadiku, 1996) and Green's theorem-based method . two analyses gave similar results, and a vector represei tion of the DEP force distribution for a plane normal parallel electrodes is shown in Fig. 7 . It was found that vertical DEP component averaged over horizontal pla parallel to the electrode surface exhibited an approximal exponential decay with height h, so that the function q(h Eq. 1 can be approximated as Parameter Re(fcM) was assumed to be -0.5 for the calculation. Scale bar = 500 pN.
Using Eq. 10, we simulated the frequency dependencies of cell levitation height. For this simulation, the electrodepolarization function p(f) was determined through analysis of experimental impedance data. Electrode polarization (Schwan, 1992) is an effect associated with the discontinuity in current carriers at the electrode/solution interface. Such a discontinuity leads to a frequency-dependent potential drop across the interface, causing the voltage impinging on the bulk solution to be smaller than that applied to the electrodes. To quantify this effect in terms of p(f), we measured the total impedance of the electrode system as a function of the applied frequency and fitted the data to an ion-diffusion-based model for electrode polarization. This model assumes that the polarization capacitance and resistance are both proportional to f-05 and that the impedance has a frequency-independent phase angle (Schwan, 1992) . The total impedance of the system is then given by ( 1 1) where the resistance (RbUlk) and capacitance (Cbulk) Fig. 10 ). Combining Eqs. 10 and 12, we performed a best fit of frequency-dependence data of the levitation height to a single-shell dielectric model (Irimajiri et al., 1979; Huang et al., 1992) of HL-60 cells. Good agreement between experiment and theory was found, as evidenced by the fact that the regression coefficient for fitting (defined as (1 ->i(htheoretical(f)i-hexperimental(fe))2/Lihxperimental(fi))) Fig. 4 , reasonable fits were obtained (regression coefficient = 0.99), the levitation heights predicted from Eq. 13 were consistently smaller than the experimentally observed values for small applied voltages (' 0.2 V (RMS)). We believe that this discrepancy arose because the theoretical treatment of Eq. 13 is based solely on dipole-derived forces and ignores force contributions from higher order polarization (Washizu and Jones, 1996) .
DEP-FFF velocity
Combining Eqs. 5, 6, and 10, we obtain the particle velocity in a DEP-FFF chamber:
2( However, as discussed earlier, particles traveling in a DEP-FFF chamber experience hydrodynamic lift forces in addition to the DEP-levitation and gravitational forces that are taken into account in Eq. 14. The hydrodynamic lift effect is evidenced by the fact that the mean velocities of HL-60 cells, when no electrical field was applied, were 23.1 (±+ 2.3), 48.5 (±+ 6.8), and 99.5 (±+ 16.2) ,um/s for flow rates of 20, 40, and 80 ,ll/min, respectively, more than twice than those (10.1, 20.2, and 40.4 ,um/s) predicted under the assumption that cells settled to just 0.1 p.m above the electrode plane. Assuming an average cell radius of 5.8 p.m, Eqs. 5 and 6 show that the cell centers must have been levitated by the lift forces to average heights of 9, 9.4, and 9.7 p.m (corresponding to the distance between cell surfaces and the electrode plane of 3.2, 3.6, and 3.9 p.m), to attain their observed velocities for flow rates of 20, 40, and 80
pl./min, respectively. Using these estimated heights and Eq.
8, we determined the corresponding lift forces. It was found that the equilibrium lift force at a flow rate of 80 pl./min was 3.4 times higher than for a flow rate of 20 p.l/min. This is incompatible with the fact that the equilibrium hydrodynamic lift force must always equal the sedimentation force and be independent of the flow rate. This discrepancy may have resulted from the fact that both Eqs. 6 and 8 are based on experimental data for smooth polystyrene beads and may not be applicable to the rough HL-60 cells studied here. To accurately analyze DEP-FFF performance, we are therefore currently investigating this hydrodynamic lifting effect for mammalian cells, and special attention is being paid to the influence on the lifting force of thermal convection generated by applied-field-dependent Joule-heating. Thus although it is clear that the equilibrium positions of cells within our DEP-FFF chamber were determined, as embodied in Eq. 7, by the balance between DEP-levitation, the hydrodynamic lift, and sedimentation forces, a lack of knowledge of the precise nature of the hydrodynamic lift component renders Eq. 14 inadequate and currently makes it impossible to obtain an analytical expression for the cell velocity in the DEP-FFF chamber at low applied voltages. Despite these limitations of Eq. 14, our experimental data completely support the conclusion that cell velocity depends on the parameters Re(fcM) and the applied voltage U (as shown in Eq. 14), when the DEP force is sufficiently large for the ill-defined hydrodynamic lift effects to be ignored. Thus, when we fitted Eq. 14 to the experimentally observed voltage dependency of the cell velocity shown in Fig. 6 , good agreement between theory and experiment was found, with regression coefficients exceeding 0.99 for all three flow rates examined, even though each data point was derived from measurements on a different set of cells. At applied voltages below 0.2 V (RMS), however, the observed cell velocities were systematically larger than predicted by theory, principally as a result, we believe, of the ill-defined hydrodynamic lift effects. D.
D. a a Cell dielectric properties
When we extended our analysis in terms of Eq. 14 to the dependencies of cell velocity on the applied field frequency (see Fig. 5 ), using values of Re(fcM) calculated with the single-shell dielectric model of the cells (Irimajiri et al., 1979; Huang et al., 1992) , a reasonably good fit was also achieved with the following parameters derived: the mean membrane capacitance and conductance of 15.6 mF/m2 and 220 S/M2, respectively. These values are in good agreement with those reported previously from electrorotation measurements of HL-60 cells . The frequency dependency of Re(fcM) based on the single-shell dielectric model is shown in Fig. 10 . In the frequency range 5-50 kHz, despite the reduction of magnitude of Re (fcM) from -0.48 to -0.32, HL-60 cell velocities increased with frequency because of the increasing cell levitation height resulting from the diminishing electrode polarization effect discussed earlier.
In the frequency range 50-100 kHz, Re(fcM) gradually decreased its negative magnitude to zero, and this resulted in a sharp decrement in HL-60 cell velocities. As the frequency increased above 100 kHz, Re(fcM)
became positive for many cells, and these cells were attracted vertically toward the electrode plane and horizontally toward the electrode edges. As a result, cell heights above the electrode plane and the corresponding cell velocities became even smaller than those observed in the absence of an applied field. Thus it is also possible to utilize positive DEP forces in balance with the hydrodynamic lift and gravitational forces to control particle heights and velocities in a FFF application. Indeed, the concept of employing positive DEP forces to attract particles toward the bottom wall of a flow chamber to realize FFF was suggested and demonstrated by Washizu et al. (1994) retention approaches to cell separation that require relatively large differences in cell dielectric properties.
Separation mechanics
To analyze dielectrophoretic forces acting on HL-60 and PBMN cells (mainly T-and B-lymphocytes) in the separation experiments, we calculated the typical frequency de- pendencies of Re(fcM) (Fig. 10) parameters determined by the electrorotation technique .
We showed previously (Fig. 11) . At the low frequency of 10 kHz, the velocities of HL-60 and PBMN cells were quite similar, suggesting that they were positioned at similar heights. Above 20 kHz, HL-60 cells exhibited a sharp drop in velocities, until at 35 kHz they were retained at the electrode edges. In contrast, PBMN cells had near-constant velocities between 10 and 35 kHz, until above 40 kHz their velocity decreased, and all of the cells were trapped at electrode edges above 70 kHz.
Separation of HL-60 from PBMN cells in both DEP retention and DEP-FFF is based on differential DEP forces resulting from differences between Re(fcM) values of the different cell types. It has been well established (Glaser and Fuhr, 1987; Gascoyne et al., 1992; Wang et al., 1994 ) that membrane electrical properties dominate cell dielectro- phoretic responses in the low-frequency range, where we have operated the DEP retention and DEP-FFF experiments. Indeed, using the electrorotation method, we have previously determined that the mean membrane capacitances of HL-60 and T-lymphocytes were 15 and 11 mF/m2, respectively . Thus it was the difference in membrane capacitive characteristics that served as the basis for the separation and discrimination of HL-60 cells and PBMN cells in these DEP retention and DEP-FFF studies.
CONCLUSIONS AND PERSPECTIVE
We have reported a new technique for cell characterization and separation that combines dielectrophoretic levitation and field-flow fractionation. In this method, an inhomogeneous dielectrophoretic-levitation force acts to balance the homogeneous gravitational force, and provides an effective mechanism for controlling positions of cells and their corresponding velocities in a fluid flow profile. Thus cell velocities and their corresponding transit time across a DEP-FFF chamber directly reflect their individual dielectric characteristics and can be exploited for both characterization and separation purposes.
Using HL-60 cells in thin chambers equipped with parallel electrode arrays on their bottom walls, we demonstrated the validity of a theoretical model for the DEP-FFF system. The cell levitation height and corresponding velocity in an eluate flow profile were shown to be very sensitive to cell dielectric properties, especially when the parameter Re(fcM) was close to zero. This ability is significant for biological and clinical problems in which cell subpopula- tions with subtle differences must be separated. Finally, we demonstrated that HL-60 cells could be separated from normal PBMN cells by using both DEP-FFF and DEP retention approaches. As shown in Eq. 7, the electric field distribution q(h) critically determines the sensitivity of the dependence of cell levitation height, and thus traveling velocity, on cell dielectric properties. We are directing efforts toward the design of electrode geometries that provide optimized field distributions for various applications. Further studies are also needed to improve our understanding of the nature of the hydrodynamic lift effect.
